Raman spectroscopy was conducted for LiNi 1/3 Mn 1/3 Co 1/3 O 2 (NMC) composite positive electrodes in all-solid-state batteries using Li 2 S-P 2 S 5 solid electrolytes. Raman spectral changes attributable to structural changes of NMC were observed during the initial charge-discharge test. To evaluate state-of-charge (SOC) distributions in the NMC electrodes, Raman mapping was carried out for the electrodes of charged and discharged cells. The mapping images indicated that most NMC particles were uniformly delithiated and lithiated by the charge-discharge process. It is noteworthy that uniform charge-discharge reactions proceeded in the NMC electrodes.
Introduction
All-solid-state lithium secondary batteries have attracted much attention as next generation batteries because of their high safety with nonflammable inorganic solid electrolytes. We have investigated electrochemical performances of bulk-type all-solid-state cells using LiCoO 2 electrodes and Li 2 S-P 2 S 5 solid electrolytes. [1] [2] [3] A selection of electrode active materials is one of the most important factors to improve battery performances. LiNi 1/3 Mn 1/3 Co 1/3 O 2 (NMC) has been first developed by Ohzuku and Makiura as an advanced positive electrode material which is alternative to LiCoO 2 . 4 Compared to LiCoO 2 , NMC has lots of advantages such as larger capacity, longer cycle life and lower cost. 5 All-solid-state batteries using NMC electrodes have been reported and showed large reversible capacities. 6, 7 All-solid-state batteries employ composite positive electrodes containing active materials and solid electrolyte particles, and thus the composite electrodes have many solid-solid interfaces. To improve cell performances, electrochemical reactions at the interfaces should be studied, and favorable interfaces showing uniform electrochemical reactions should be constructed. We have evaluated state-of-charge (SOC) distributions of LiCoO 2 composite positive electrodes using Li 2 S-P 2 S 5 solid electrolytes by a Raman mapping technique. 8 The mapping images revealed that electrochemical reactions did not proceed uniformly, and that inhomogeneous SOC distributions existed in the positive electrode where contacts between LiCoO 2 and solid electrolytes were insufficient. In this report, Raman mapping was conducted for pristine, charged and discharged NMC composite positive electrodes in all-solid-state batteries to investigate local SOC distributions.
Experimental
75Li 2 S·25P 2 S 5 (mol%) glass particles were prepared by a mechanical milling technique. Li 2 S (Idemitsu Kosan, 99.9%) and P 2 S 5 (Aldrich, 99%) crystalline powders were used as starting materials. The batches (1 g) of these mixed materials with a stoichiometric ratio were mechanically milled at 510 rpm for 45 h using a planetary ball mill apparatus (Pulverisette 7; Fritsch) with a zirconia pot (45 mL volume) and 500 zirconia balls (4 mm in diameter).
Composite positive electrodes were prepared by mixing LiNbO 3 -coated NMC particles (ca. 5 µm in diameter) and 75Li 2 S·25P 2 S 5 glass particles (ca. 15 µm in diameter) with a weight ratio of 3/1 (volume ratio of 1/1). The LiNbO 3 buffer layer plays a role in decreasing interfacial resistances between active material particles and sulfide solid electrolyte particles. 9 A bilayer pellet was obtained by pressing composite positive electrode layer (10 mg) and solid electrolyte layer (40 mg) under 360 MPa. Indium foil (99.999%; Furuuchi Chemical Corp.) as the negative electrode layer was attached to the bilayer pellet and pressed with stainless steel powder (SUS304L, Kojundo Chemical) (100 mg) as a current collector under 240 MPa. The thicknesses of the entire pellet and the solid electrolyte layer were ca. 2 mm and 1.4 mm, respectively. The pellet was pressed by two stainless-steel plates as current collectors for both positive and negative electrodes. All the processes were conducted at room temperature in a dry Ar-filled glove box.
The cells were charged and discharged at 25°C under a current density of 0.064 mA cm ¹2 (0.02 C) with cut-off voltages of 2.6-4.3 V (vs. Li + /Li) using a charge-discharge measuring device (BTS-2004; Nagano Co Ltd., Japan).
After the initial charge-discharge test, the layered pellets (In/ 75Li 2 S·25P 2 S 5 glass/NMC) were dismounted from the all-solidstate cells. The pellets were sealed in a container with an optical flat glass window under a dry Ar atmosphere. Ex situ Raman mapping was conducted for surface parts of the positive electrode layers before and after the initial charge-discharge tests using a Raman microscope (RAMANtouch; nanophoton). The laser beam was focused onto the sample using a 50© objective (NA = 0.70, Nikon) with excitation at 532 nm. The intensity of the laser beam was ca. 10 4 W cm
¹2
. Spatial and depth resolutions were ca. 1.6 µm and ca. 2-3 µm, respectively. Before conducting Raman mapping, an Ar ion-milling technique was done for removing irregularities on the surface and preparing flat cross-sectional samples using an ionmilling system (IM4000; HITACHI).
Results and Discussion
All-solid-state cells (In/75Li 2 S·25P 2 S 5 glass/NMC) were charged and discharged with the cut-off voltage of 2.6-4.3 V under a current density of 0.064 mA cm ¹2 at 25°C. Figure 1 shows initial chargedischarge curves of the cell. The initial charge and discharge capacities were 150 and 118 mAh g ¹1 of NMC, respectively. Ex situ Raman spectra was obtained for positive electrode layers before and after the charge test. Figure 2 shows Raman spectra of the NMC composite positive electrode layers. These Raman spectra in Fig. 2(a), (b) -(e) and (f ) are respectively extracted from selected points of pristine, charged and discharged NMC electrodes in Raman mapping images shown in Fig. 3(b) , (d) and (f ). Raman spectrum of a pristine LiCoO 2 composite positive layer is also shown in Fig. 2(g . 10, 11 After the initial charge test, the intensity of the A 1g band decreased, which is originated from changes in local symmetry on the vibration mode. 10 In the charged NMC electrode, the E g band remained at ca. 474 cm
¹1
, and a new peak was observed at ca. 530 cm
. The new peak is originated from a A 1g band of Ni-O. 10, 12, 13 After the initial discharge test, the intensity of the A 1g band increased and returned to the pristine state. The most characteristic spectral changes of the A 1g band are very similar to those of NMC electrodes in lithium cells using liquid electrolytes. 10, 14 LiCoO 2 exhibited two strong Raman bands at 596 and 486 cm ¹1 , which originated from A 1g and E g modes corresponding to Co-O stretching and O-Co-O bending, respectively. 15 These peaks were shifted to a lower wavenumber side and their intensities decreased during the charge test. Investigation of the peak positions of A 1g bands gives SOC mapping images for LiCoO 2 electrodes. 8, 16, 17 In the NMC electrodes, the peaks of E g and A 1g modes are quite broad because Raman spectrum of NMC contains of several bands attributable to Ni-O (474, 554 cm ).
14 To investigate SOC in the NMC electrodes, evaluation of peak positions of A 1g modes is difficult because of broad peaks for A 1g modes. In this study, only intensity changes of the A 1g band were thus investigated. Peak intensity is influenced by roughness of samples, and flat surfaces were prepared by Ar ion-milling technique in this experiment. Firstly, a background spectrum was obtained by a measurement without the sample, followed by subtracting the background spectrum from each Raman spectrum of mapping images. Average peak intensities at 595 « 4.3 cm ¹1 and 474 « 4.3 cm ¹1 were then calculated because A 1g and E g peak positions slightly shifted from 595 and 474 cm ¹1 , respectively, during the charge-discharge test. These average intensity values were denoted to I 595 and I 474 , respectively, and I 595 /I 474 was calculated at each measurement point. Electrochemistry, 84(10), 812-814 (2016) SOC was determined using the ratio of I 595 /I 474 to obtain SOC distribution maps. The ratio of I 595 /I 474 in the pristine NMC electrode is ca. 4.0 (low SOC), and that in the fully charged electrode is ca. 0.85 (high SOC).
Ex situ Raman mapping was carried out for the pristine, charged and discharged positive electrode layers prepared by the Ar ionmilling technique. After the initial charge test, the mapping image (d) showed almost all NMC were charged state, suggesting that charge reaction proceeded uniformly in the NMC electrode. After the initial discharge test, the intensity of the A 1g band increased. Its intensity was weaker than pristine one because its electrical conductivity increased during the charge-discharge test, 10, 18 leading to a drop in optical skin depth. 19 Charged NMC with high SOC disappeared in the mapping image (f ) of discharged NMC, indicating that uniform charge-discharge reactions proceeded in the NMC electrode. Here, comparatively uniform reactions proceeded in NMC electrode, which may relate to higher cell performances of NMC electrodes.
Conclusions
Raman microscopy was conducted for the pristine, charged and discharged NMC composite positive layers in bulk-type all-solidstate lithium cells. The peak intensity of the A 1g mode decreased and increased after the charge and discharge tests, respectively. Ex situ Raman mapping was carried out to obtain SOC distribution maps by using characteristic of these intensity changes. Homogeneous reaction distributions were observed in the charged and discharged electrodes, indicating that uniform charge-discharge reactions proceed in the NMC electrodes.
